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Experimental studies of fission induced in relativistic nuclear collisions show a systematic en-
hancement of the excitation energy of the primary fragments by a factor of ∼ 2, before their decay
by fission and other secondary fragments. Although it is widely accepted that by doubling the en-
ergies of the single-particle states may yield a better agreement with fission data, it does not prove
fully successful, since it is not able to explain yields for light and intermediate mass fragments.
State-of-the-art calculations are successful to describe the overall shape of the mass distribution of
fragments, but fail within a factor of 2-10 for a large number of individual yields. Here, we present
a novel approach that provides an account of the additional excitation of primary fragments due
to final state interaction with the target. Our method is applied to the 238U + 208Pb reaction at
1 GeV/nucleon (and is applicable to other energies), an archetype case of fission studies with rela-
tivistic heavy ions, where we find that the large probability of energy absorption through final state
excitation of giant resonances in the fragments can substantially modify the isotopic distribution
of final fragments in a better agreement with data. Finally, we demonstrate that large angular
momentum transfers to the projectile and to the primary fragments via the same mechanism imply
the need of more elaborate theoretical methods than the presently existing ones.
Introduction. Fission of a nucleus is the outcome of
a nuclear rearrangement leading to a “run-away” dy-
namics involving large-amplitude nuclear motion. Large
macroscopic energies are involved in fission which can
be explained with liquid drop models, but experimen-
tal observables such as fragment mass yields and their
energies are strongly influenced by shell and pairing ef-
fects. Fission studies are usually based on stable or long-
lived fissile targets irradiated by neutrons, photons, or
light-charged particles [1, 2]. The observables obtained
at low energies have provided a limited understanding of
the influence of several physical variables as well as the
path of process passing by the saddle point to fission.
Additional experimental information has been obtained
with the use of radioactive beams, offering a plethora
of new experimental advantages [3]. Radioactive nuclei
scattered off stable targets allows one to vary nucleon and
isospin content of the fissioning nucleus over wide ranges.
First fission studies with radioactive beams at relativistic
energies (above 100 MeV/nucleon) and in inverse kine-
matics have given insight into dissipative properties of
nuclear matter and allowed a map of the transition from
asymmetric fission in the actinides to symmetric fission
in pre-actinide nuclei [3–7].
We propose a novel approach to compute isotopic dis-
tribution of fission fragments in relativistic heavy ion col-
lisions. Using a complete reaction model, we explain si-
multaneously the production of heavy, intermediate and
light fragments, as well as the fission yields. We consider
fragment excitation and re-orientation after the produc-
tion of primary fragments and their role on the isotopic
distribution of fission products. Our predictions can pave
the way to use post-excitation of primary fragments as
a new technique to study the difficult subject of fission
times of excited nuclei [8].
Theoretical framework. The excitation amplitude
Aα (z, b) of relativistic projectiles undergoing fission in-
flight is obtained from the coupled-channels equations [9]
i~v
∂Aα(z, b)
∂z
=
∑
α′
〈
α
∣∣M(E/N)L∣∣α′〉
× Aα′(z, b)e−(Eα′−Eα)z/~v, (1)
where b is the impact parameter, v denotes the projectile
and fragment velocities, assumed to be nearly constant
and z is the projectile position along the beam direction.
MEL is the electromagnetic operator for electric dipole
(E1) and quadrupole (E2) transitions, and MNL is the
corresponding nuclear transition operator for the multi-
polarity L, connecting states α and α′.
We consider the electromagnetic excitation of
the isovector giant dipole (IVGDR), isoscalar giant
quadrupole (ISGQR) and isovector giant quadrupole
(IVGQR) resonances and the double giant dipole res-
onance (DGDR), with main decay channels leading to
the emission of neutrons, but also as fission fragments.
The dynamical relativistic effects of the nucleus-nucleus
interaction mimics the Lorentz transformations of the
electromagnetic field [9]. The main contribution to
nuclear excitation arises from the excitation of the
ISGQR with a matrix element calculated as [10]
〈α|MN2m|α′〉 = − δ2√
5
〈Jα′Mα′ |Y2m|JαMα〉
× Y2m(rˆ) dU(r)
dr
, (2)
where δ2 is the deformation length, U(r) is the scalar
Lorentz-boosted nucleus-nucleus potential [9].
ar
X
iv
:1
91
2.
05
46
8v
2 
 [n
uc
l-t
h]
  1
3 D
ec
 20
19
2At smaller impact parameters nucleons are removed
from the projectiles through binary nucleon-nucleon col-
lisions, calculated using the abrasion-ablation model [11].
The cross section to produce a primary fragment with
charge and neutron number (ZF , NF ) from a projectile
with charge and neutron number (ZP , NP ) is
σ(ZF , NF ) =
(
ZP
ZF
)(
NP
NF
)∫
d2b [1− Pp(b)]ZP−ZF
× PZFp (b) [1− Pn(b)]NP−NF PNFn (b), (3)
where the binomial coefficients take into account all pos-
sible ways that Z(N)F nucleons can be removed from
the Z(N)P initial nucleons. Pp (Pn) are the survival
probabilities of a single proton (neutron) in the projec-
tile. Factors containing (1− P ) account for the removal
probability of nucleons. Pp is given by
Pp(b) =
∫
dzd2sρPp (s, z) exp
[
−σppZT
∫
d2sρTp (b− s, z)
− σpnNT
∫
d2sρTn (b− s, z)
]
, (4)
where nucleon numbers of the target are denoted by
(ZT , NT ), and ρp(n) are nucleon densities of projectile
and target normalized to unity. σnp(pp) are neutron-
proton (proton-proton without Coulomb) total cross sec-
tions from a fit to experimental data. A similar expres-
sion is used for Pn with the reversed roles of the neu-
tron and proton quantities. The single-particle densities
are generated by using a deformed Woods-Saxon model
for the projectile nucleons assuming that mean-field re-
arrangements do not have time to occur until long after
the abrasion stage.
In the ablation stage, the primary fragment excita-
tion energy is calculated from the particle-hole energies
of the configuration relative to its ground state [11–
13]. The density of excited states ρ(Ex, ZF , AF ) re-
sults from the counting of all combinations of holes con-
sistent with the charge and mass numbers of the frag-
ment, leading to the excitation cross sections, dσ/dEx =
ρ(Ex, ZF , AF )σ(ZF , NF ) [11–13]. The de-excitation pro-
cess, leading to nucleon emission, light-charged parti-
cles, photon emission, and intermediate-mass fragments
(IMFs), as well as fission products, is obtained using the
Ewing-Weisskopf model, incorporated in the ABLA07
code [14]. The separation energies and emission barri-
ers for charged particles are accounted for using the 2016
atomic mass evaluation from 2016 [15] and the Bass po-
tential [16], respectively. Fission yields are calculated fol-
lowing the dynamical picture reported in Refs. [17, 18]
benchmarked in several works by comparison with iso-
topic distributions of fission fragments measured in spal-
lation and fragmentation reactions with relativistic nu-
clei.
The central idea of this Letter is that all relevant cross
sections can be reliably calculated with existing reaction
formalisms, but with inclusion of post-excitation and de-
cay of the primary fragments not included in previously
published models. Reorientation of fragments due to the
final state interaction with the target’s Coulomb field and
the sudden removal of nucleons leads to an alignment and
modification of the angular momentum of the fragments
before scission.
Application to the 238U + 208Pb reaction. The 238U
+ 208Pb reaction at 1 GeV/nucleon yielding fission frag-
ments has been studied experimentally [19]. We calculate
the abrasion of projectile nucleons using singe-particle
states generated in a deformed Woods-Saxon model [20]
with a deformation parameter β = 0.29, radius R0 = 6.8
fm, and diffuseness a = 0.6 fm. The potential depths are
adjusted to yield the last occupied nucleon orbital with
binding energy equal to the nucleon separation energy.
The lead target density is taken from electron scatter-
ing experiments [21] with ρn(r) = (N/Z)ρp(r). Abrasion
probabilities were calculated using Eq. (4) with single-
particle radial and angular wave functions and adding
the contributions of all occupied states [13]. An average
over the orientation of the projectile was performed. For
simplicity, only three orientations have been considered;
one with the major axis along the beam and the other
two perpendicular to it. A total abrasion cross section
of 8.06 b was obtained using Eq. (3) summing over all
fragments. If deformation is neglected, setting β = 0,
the cross section reduces to 7.89 b. Another reduction
of the cross section occurs if instead of densities from
individual contributions of single-particle states in Eq.
(3), one uses 238U total densities from electron scatter-
ing data [21]. We obtain an abrasion cross section of 7.65
b, highlighting that details of the shell structure can be
responsible for modifications of about 5% of the abrasion
cross sections.
The electromagnetic excitation of the IVGDR, ISGQR,
IVGQR and DGDR yields large cross sections. We as-
sume an IVGDR located at EIV GDR = (31.2A
−1/3 +
20.6A−1/6) MeV and the DGDR located at twice the
IVGDR energy [22]. The ISGQR and IVGQR states are
located at EISGQR = 62A
−1/3 MeV and EIV GQR =
130A−1/3 MeV, respectively. The resonances are as-
sumed to fully exhaust the isoscalar and isovector op-
erator sum-rules [10, 22] and the DGDR is assumed to
have the same strength for the E1 excitation GDR →
DGDR. The optical potential in Eq. (2) is generated from
the tρρ approximation [22] and a deformation parameter
δ2 = 0.438 fm is used. The excitation probabilities from
Eq. (1) yield cross sections of 408.2 mb for the ISGQR,
531.0 mb for the IVGQR, 4183 mb for the IVGDR and
227.3 mb for the DGDR. The nuclear excitation contri-
bution to the ISGQR is 18.72 mb, much smaller than
those stemming from electromagnetic excitation. The
abrasion, electromagnetic (EM) and nuclear excitation
processes altogether produce primary fragments with a
total cross section of 13.41 b.
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FIG. 1. (Color online) Large frame. Average excitation ener-
gies of uranium fragments due to abrasion (open circles) and
when the average electromagnetic excitation energy of the
outgoing fragments is added (triangles). Small frame. Cross
sections for production of the same primary uranium frag-
ments due to projectile abrasion in the 238U + 208Pb reaction
at 1 GeV/nucleon.
Ablation with post-EM excitation. In the abrasion
stage, each fragment acquires an excitation energy ob-
tained by subtracting the single particle energies for each
fragment from those of the 238U projectile. The va-
cant single particle (s.p.) energies are weighted with the
corresponding nucleon removal probabilities for each im-
pact parameter. To simplify the calculations and without
meaningful loss of accuracy, we use the deformation pa-
rameter β = 0 to generate the s.p. states of all nuclei. In
the case of EM and nuclear excitation the total energy
deposited in projectile is obtained by multiplying the en-
ergies of each collective resonance α with the probabilities
|Aα(z = ∞, b)|2 obtained with Eq. (1). The excitation
energies of the primary fragments due to abrasion and
EM excitation are the inputs for the ablation stage using
the Weisskopf-Ewing evaporation formalism [23] for the
emission of γ-rays, neutrons, light-charged particles, and
intermediate-mass fragments (IMFs) [14].
We introduce a new mechanism for the excitation en-
ergy of the fragments. It has been known for a long time
that in the fragmentation of relativistic nuclei, such as
132Sn [24], 136Xe [25], 197Au [26, 27], 208Pb [28], and 238U
[7], the energy deposited in the nucleus is not enough to
explain the fragment yields. The excitation needed iss
two to three times larger than that obtained in the orig-
inal abrasion-ablation model [11–13]. Using this trick
the agreement with the experimental data is surprisingly
good [12, 29]. We show that this multiplication factor
might not be needed, at least of the reactions involving
heavy nuclear targets. The idea is very simple and is
related to the large EM excitation cross sections mainly
because of the contribution of grazing impact parameters
Ablation fission
EM fission
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1 GeV/nucleon
FIG. 2. (Color online) Mass distribution of projectile
fragments produced in the 238U + 208Pb reaction at 1
GeV/nucleon. The blue diamonds correspond to the abrasion-
ablation model without fission contribution, while the red
circles include fission decays. The black squares include the
electromagnetic excitation leading to particle evaporation and
fission products.
with excitation probabilities close to the unity. This will
also happen to the abraded fragments on their way out
from the strong interaction region.
We have calculated the probabilities of EM excitation
of fragments on the outgoing part (z = 0 → ∞) of their
trajectories, weighing with the giant resonance energies,
and adding them to the fragment abrasion energy. In
Figure 1 we show the average excitation energies of a
few uranium fragments due to abrasion (open circles)
and when the average electromagnetic excitation energy
of the outgoing fragments is added to them (triangles).
The additional EM energy is nearly constant (11.1−12.5
MeV) for the uranium fragments displayed. This effect
will have the largest impact on the heaviest uranium iso-
topes because their production cross sections are largest,
as displayed in the smaller frame in Fig. 1. Similar re-
sults were found for protactinium, thorium, actinium, ra-
dium, and other heavy element isotopic chains. We ex-
pect that this will have a visible impact on the production
of secondary fragments during the ablation stage.
The cross sections for the mass distribution of each
fragment calculated according to the evaporation model
after abrasion and EM excitation are displayed in Fig.
2. The blue diamonds show the results when no fission
channels are considered, while the red circles include fis-
sion decays. The black squares take into account EM
excitation followed by particle evaporation and fission
products. It is clear that fission products after abrasion
originate from primary fragments with mass A & 170.
Not shown are the cross sections for primary fragments
with mass A = 235 − 237 with values ranging within
196 − 726 mb, with large contribution to decay by fis-
sion. About 23% of the primary fragments yield fission
4fission
fission
FIG. 3. (Color online) Isotopic distribution of niobium (up-
per panel) and ruthenium (lower panel) fragments produced
in the 238U + 208Pb reaction at 1 GeV/nucleon. The data
(open circles) are taken from Ref. [19]. The solid (dashed)
lines correspond to fragmentation calculations with (without)
inclusion of final state electromagnetic excitation of abraded
fragments. The arrows point to the region (shaded area) of
increasing contribution of fragments decaying by fission.
products after ablation. These are seen as a clear bump
in the plot, peaked around mass A = 110. On the other
hand, the fission yields originating from EM excitation
of the 238U projectile is responsible for the double hump
structure in the figure, characteristically peaking around
masses A = 100 and A = 140. Fission products corre-
spond to about 18% of the EM excitation cross section
of 238U at large impact parameters.
In Figure 3 we show the isotopic distribution of nio-
bium (upper panel) and ruthenium (lower panel) frag-
ments compared to data (open circles) taken from Ref.
[19]. The solid (dashed) lines correspond to fragmenta-
tion calculations with (without) inclusion of final state
electromagnetic excitation. The arrows point to the re-
gion (shaded area) of increasing contribution of frag-
ments decaying by fission. The overall agreement with
the experimental data is reasonable and differences in
particular cases are estimated to be within a factor of
two to ten. Other clear trends obtained in our calcula-
tions for other isotopic chains, are: (a) The addition of
final state EM excitation of primary fragments leads to
an enhancement of the average yields across all isotopic
chains, (b) The yields of lighter fragments become larger
when the final state EM excitations are accounted for.
This post-excitation effect, so far neglected in previous
180 190 200 210 220 230 240
Mass number A
0
5
10
15
20
25
30
J
  
[
]
238U + 208Pb
(1 GeV/nucleon)
J‖
J
FIG. 4. (Color online) Transverse, J⊥, and longitudinal, J‖,
angular momentum transfer (see text for definitions) to pri-
mary fragments due to nucleon abrasion as a function of the
fragment mass number.
works, is probably not going to provide an accurate de-
scription of the experimental data, but is important to
extract accurate information about fission dynamics in
relativistic heavy ion collisions.
The post-excitation of fissionable fragments is also use-
ful to determine lower limits for fission times by observ-
ing their impact on isotopic distributions. The typical
collision time during post-excitation of the fragments is
∆t ∼ 100 fm/c ∼ 10−21 s. Highly excited primary abra-
sion fragments are expected to decay by fission before
they can be excited again along their outgoing trajectory
[8]. This minor effect can become useful in the study
of fission times as experimental detection techniques and
theoretical models become more accurate.
Fragment reorientation. Large cross sections are also
obtained for EM excitation of rotational states in de-
formed projectiles and of abrasion products. Although
the energy transfer to rotational states, of about a few
100 keV, has little influence on the average EM excita-
tion energy of giant resonances (GRs) and in the abrasion
products, they could affect considerably the angular mo-
mentum transfer to the primary fragments. Using Eq.
(1) for a symmetric rigid rotor, one can write the EM
operator as
ME2m = e
2
Q2Y2m(θ, φ), (5)
where Q2, the intrinsic quadrupole moment, is related to
the reduced matrix elements by
Q22 =
16pi
5c2
B(E2; 0+ → 2+). (6)
The quadrupole moment of 238U is not known, and we
use Q2 = 11 × 103 fm2 based on theoretical estimates
[30]. We consider the excitation of states in the ground
5state rotational band, starting from the rotation angular
momentum I = 0 of the ground state. We obtain cross
sections of 3.21 b for excitation of I = 2 and only 41.7 mb
for I = 4 rotational states. The probability for EM exci-
tation of GRs is close to one at grazing collisions and a
large cross section results for the excitation of rotational
states on top of the IVGDR, ISGQR and IVGQR. Total
cross sections of 1.24 b for the
∣∣IV GDR〉⊗∣∣I = 2〉
rot
and 35.5 mb for
∣∣IV GDR〉⊗∣∣I = 4〉
rot
were obtained,
which are the largest cross sections for rotational states
built on GRs. Thus, at least three extra units of an-
gular momentum, J = 3~, are expected to build up on
the projectile before its decay. This angular momentum
transfer has a small [31] but non-negligible consequence
for the effective potential energies and their dependence
on the neck formation radius along the fission path. The
same conclusion applies for EM reorientation of primary
fragments after the abrasion process.
Angular momentum is also transferred to the frag-
ments during abrasion. An estimate is done using the
model of Ref. [32] for the average momentum transfer,
∆p. We use a Newtonian estimate, J = ∆pR, for the av-
erage angular momentum transfer, with R being the pro-
jectile radius. Fig. 4 shows the angular momentum trans-
fer J‖ (J⊥) associated with the longitudinal (transverse)
linear momentum transfer to the projectile. In collisions
at high energies, the transverse momentum transfer is
usually larger than the longitudinal one, being reflected
in our definition of J‖(⊥). The total average angular mo-
mentum transfer can be inferred from J =
√
J2‖ + J
2
⊥.
Only a moderate amount (J ∼ 3 − 5~) of angular mo-
mentum transfer goes to large mass fragments, such as
237U, but as the fragment mass decreases the angular
momentum deposited will lead to a large modification of
the effective potential energies at the scission point and
the ensuing fission yields, neglected in current fragmen-
tation models. It also means that a better description of
the decay of the primary fragments beyond the simpli-
fied Ewing-Weisskopf approach is needed. The Newto-
nian estimate is not reasonable when many nucleons are
abraded. We have therefore avoided to show results for
light fragments, which might be better described using
intranuclear cascade models [33, 34].
Summary and conclusions. In summary, we have pro-
posed a new method to compute fission and fragmen-
tation cross sections in relativistic heavy ion collisions
involving heavy nuclear targets. Our method links the
isotopic distribution of fragments with the physics of nu-
cleon removal in the binary nucleon-nucleon collisions
and electromagnetic excitation of giant resonances. We
add to this scenario the hitherto neglected physics of frag-
ment excitation and reorientation in the final state. We
have uncovered these unappreciated reaction mechanisms
in the standard two-step mechanism of primary fragment
production followed by particle evaporation and fission.
Our reaction mechanism may be responsible for the frag-
ment excitation energies required to explain known differ-
ences between theory and experiment with heavy nuclear
targets. It is demonstrated that it also plays a role in the
population of large angular momentum of fragments prior
to their decay.
The design of new detectors and increase of radioactive
beam intensities at relativistic energies provides a unique
opportunity to study the important physics of fission of
numerous radioactive nuclides, well beyond the reach of
fixed target experiments. Undoubtedly, previous studies
have shown the usefulness of the method and the comple-
mentary role it plays in understanding the dynamics of
fission [1–7]. We noticed that improvements can be done
in presently adopted theories without which an accurate
description of the experimental data at the level required
for the study of fission dynamics is not possible.
Acknowledgement. We have benefited from useful dis-
cussions with Aleksandra Kelic (GSI) and Jose Benlli-
ure (Santiago de Compostela) on the abrasion-ablation
model. This work has been supported by the Turk-
ish Council of Higher Education (YOK) under Mevlana
Exchange Project Number MEV-2019-1744, and by the
U.S. DOE grants DE-FG02-08ER41533 and the U.S. NSF
Grant No. 1415656.
∗ carlos.bertulani@tamuc.edu
† ykucuk@akdeniz.edu.tr
‡ radomira.lozeva@csnsm.in2p3.fr
[1] A. N. Andreyev, K. Nishio, K.-H. Schmidt, Nuclear fis-
sion: a review of experimental advances and phenomenol-
ogy, Reports on Progress in Physics 81 (1) (2017) 016301.
doi:10.1088/1361-6633/aa82eb.
[2] K.-H. Schmidt, B. Jurado, Review on the progress in nu-
clear fission—experimental methods and theoretical de-
scriptions, Reports on Progress in Physics 81 (10) (2018)
106301. doi:10.1088/1361-6633/aacfa7.
[3] K.-H. Schmidt, S. Steinhaeuser, C. Ba¨ckstiegel,
A. Grewe, A. Heinz, A. Junghans, J. Benlliure, H.-G.
Clerc, M. de Jong, J. Mu¨ller, M. Pfu¨tzner, B. Voss, Rel-
ativistic radioactive beams: A new access to nuclear-
fission studies, Nuclear Physics A 665 (3) (2000) 221
– 267. doi:https://doi.org/10.1016/S0375-9474(99)
00384-X.
[4] K.-H. Schmidt, A. Heinz, H.-G. Clerc, B. Blank,
T. Brohm, S. Czajkowski, C. Donzaud, H. Geissel,
E. Hanelt, H. Irnich, M. Itkis, M. de Jong, A. Jung-
hans, A. Magel, G. Mu¨nzenberg, F. Nickel, M. Pfu¨tzner,
A. Piechaczek, C. Ro¨hl, C. Scheidenberger, W. Schwab,
S. Steinha¨user, K. Su¨mmerer, W. Trinder, B. Voss, S. Zh-
danov, Low-energy fission studies of neutron-deficient
projectile fragments of 238U, Physics Letters B 325 (3)
(1994) 313 – 316. doi:https://doi.org/10.1016/
0370-2693(94)90017-5.
[5] T. Aumann, K. Su¨mmerer, H. Geissel, B. Blank,
T. Brohm, H. G. Clerc, S. Czajkowski, C. Donzaud,
A. Grewe, E. Hanelt, A. Heinz, H. Irnich, M. de Jong,
6A. Junghans, J. V. Kratz, A. Magel, G. Mu¨nzenberg,
F. Nickel, M. Pfu¨tzner, A. Piechaczek, C. Ro¨hl, C. Schei-
denberger, K. H. Schmidt, W. Schwab, S. Steinha¨user,
W. Trinder, B. Voss, Few-neutron removal from 238U
at relativistic energies, Zeitschrift fu¨r Physik A Hadrons
and Nuclei 352 (2) (1995) 163–169. doi:10.1007/
BF01298903.
[6] P. Armbruster, M. Bernas, S. Czajkowski, H. Geis-
sel, T. Aumann, P. Dessagne, C. Donzaud, E. Hanelt,
A. Heinz, M. Hesse, C. Kozhuharov, C. Miehe,
G. Mu´nzenberg, M. Pfu¨tzner, K. H. Schmidt, W. Schwab,
C. Ste´phan, K. Su´mmerer, L. Tassan-got, B. Voss, Low-
energy fission investigated in reactions of 750 AMeV
238U-ions with Pb and Be targets, Zeitschrift fu¨r Physik
A Hadrons and Nuclei 355 (1) (1996) 191–201. doi:
10.1007/BF02769684.
[7] J. Benlliure, A. Grewe, M. de Jong, K.-H. Schmidt,
S. Zhdanov, Calculated nuclide production yields in rel-
ativistic collisions of fissile nuclei, Nuclear Physics A
628 (3) (1998) 458 – 478. doi:https://doi.org/10.
1016/S0375-9474(97)00607-6.
[8] D. Jacquet, M. Morjean, Fission times of excited nu-
clei: An experimental overview, Progress in Particle and
Nuclear Physics 63 (1) (2009) 155 – 185. doi:https:
//doi.org/10.1016/j.ppnp.2008.10.001.
[9] C. A. Bertulani, Relativistic continuum-continuum cou-
pling in the dissociation of halo nuclei, Phys. Rev.
Lett. 94 (2005) 072701. doi:10.1103/PhysRevLett.94.
072701.
[10] G. Satchler, Isospin and macroscopic models for the ex-
citation of giant resonances and other collective states,
Nuclear Physics A 472 (2) (1987) 215 – 236. doi:https:
//doi.org/10.1016/0375-9474(87)90208-9.
[11] J. Hu¨fner, K. Scha¨fer, B. Schu¨rmann, Abrasion-ablation
in reactions between relativistic heavy ions, Phys. Rev. C
12 (1975) 1888–1898. doi:10.1103/PhysRevC.12.1888.
[12] J.-J. Gaimard, K.-H. Schmidt, A reexamination of the
abrasion-ablation model for the description of the nu-
clear fragmentation reaction, Nuclear Physics A 531 (3)
(1991) 709 – 745. doi:https://doi.org/10.1016/
0375-9474(91)90748-U.
[13] B. V. Carlson, Microscopic abrasion-ablation approxima-
tion to projectile fragmentation, Phys. Rev. C 51 (1995)
252–268. doi:10.1103/PhysRevC.51.252.
[14] A. Kelic, M. V. Ricciardi, K.-H. Schmidt, Abla07 - to-
wards a complete description of the decay channels of
a nuclear system from spontaneous fission to multifrag-
mentation (2009). arXiv:0906.4193.
[15] W. J. Huang, G. Audi, M. Wang, F. G. Kondev, S. Naimi,
X. Xu, The ame2016 atomic mass evaluation (i). evalua-
tion of input data; and adjustment procedures, Chinese
physics C 41 (3) (2017) 30002.
[16] R. Bass, Nuclear Reactions with Heavy Ions, Texts and
Monographs in Physics, Springer Verlag, Heidelberg,
1980. doi:10.1063/1.2914343.
[17] B. Jurado, K.-H. Schmidt, J. Benlliure, Time evolution of
the fission-decay width under the influence of dissipation,
Physics Letters B 553 (3) (2003) 186 – 190. doi:https:
//doi.org/10.1016/S0370-2693(02)03234-3.
[18] B. Jurado, C. Schmitt, K.-H. Schmidt, J. Benlliure,
A. Junghans, A critical analysis of the modelling of dis-
sipation in fission, Nuclear Physics A 747 (1) (2005) 14 –
43. doi:https://doi.org/10.1016/j.nuclphysa.2004.
09.123.
[19] T. Enqvist, J. Benlliure, F. Farget, K.-H. Schmidt,
P. Armbruster, M. Bernas, L. Tassan-Got, A. Boudard,
R. Legrain, C. Volant, C. Ba¨ckstiegel, M. de Jong, J. Du-
four, Systematic experimental survey on projectile frag-
mentation and fission induced in collisions of 238U at 1
A GeV with lead, Nuclear Physics A 658 (1) (1999) 47
– 66. doi:https://doi.org/10.1016/S0375-9474(99)
00299-7.
[20] A. Kruppa, Z. Papp, Resonant or bound state solution
of the schro¨dinger equation in deformed or spherical po-
tential, Computer Physics Communications 36 (1) (1985)
59 – 78. doi:https://doi.org/10.1016/0010-4655(85)
90018-9.
[21] H. D. Vries, C. D. Jager, C. D. Vries, Nuclear charge-
density-distribution parameters from elastic electron
scattering, Atomic Data and Nuclear Data Tables 36 (3)
(1987) 495 – 536. doi:https://doi.org/10.1016/
0092-640X(87)90013-1.
[22] C. Bertulani, V. Ponomarev, Microscopic studies on
two-phonon giant resonances, Physics Reports 321 (4)
(1999) 139 – 251. doi:https://doi.org/10.1016/
S0370-1573(99)00038-1.
[23] V. F. Weisskopf, D. H. Ewing, On the yield of nuclear
reactions with heavy elements, Phys. Rev. 57 (1940) 472–
485. doi:10.1103/PhysRev.57.472.
[24] D. Pe´rez-Loureiro, J. Benlliure, H. A´lvarez-Pol, B. Blank,
E. Casarejos, D. Dragosavac, V. Fo¨hr, M. Gasco´n,
W. Gawlikowicz, A. Heinz, K. Helariutta, A. Kelic´-Heil,
S. Lukic´, F. Montes, L. Pien´kowski, K.-H. Schmidt,
M. Staniou, K. Subotic´, K. Su¨mmerer, J. Taieb,
A. Trzcin´ska, Production of neutron-rich nuclei in frag-
mentation reactions of Sn132 projectiles at relativistic
energies, Physics Letters B 703 (5) (2011) 552 – 556. doi:
https://doi.org/10.1016/j.physletb.2011.08.037.
[25] J. Benlliure, M. Ferna´ndez-Ordo´n˜ez, L. Audouin,
A. Boudard, E. Casarejos, J. E. Ducret, T. Enqvist,
A. Heinz, D. Henzlova, V. Henzl, A. Kelic, S. Leray,
P. Napolitani, J. Pereira, F. Rejmund, M. V. Riccia-
rdi, K.-H. Schmidt, C. Schmitt, C. Ste´phan, L. Tassan-
Got, C. Volant, C. Villagrasa, O. Yordanov, Production
of medium-mass neutron-rich nuclei in reactions induced
by 136Xe projectiles at 1 A GeV on a beryllium target,
Phys. Rev. C 78 (2008) 054605. doi:10.1103/PhysRevC.
78.054605.
[26] J. Benlliure, K.-H. Schmidt, D. Cortina-Gil, T. Enqvist,
F. Farget, A. Heinz, A. Junghans, J. Pereira, J. Taieb,
Production of neutron-rich isotopes by cold fragmenta-
tion in the reaction 197Au + Be at 950 A MeV, Nu-
clear Physics A 660 (1) (1999) 87 – 100. doi:https:
//doi.org/10.1016/S0375-9474(99)00386-3.
[27] K.-H. Schmidt, K. Su¨mmerer, H. Geissel,
G. Mu¨nzenberg, F. Nickel, M. Pfu¨tzner, M. Weber,
B. Voss, T. Brohm, H.-G. Clerc, M. Fauerbach, J.-J.
Gaimard, A. Grewe, E. Hanelt, M. Steiner, J. Weck-
enmann, C. Ziegler, A. Magel, Proton removal in
peripheral nuclear collisions at relativistic energies,
Nuclear Physics A 542 (4) (1992) 699 – 714. doi:https:
//doi.org/10.1016/0375-9474(92)90264-K.
[28] T. Kurtukian-Nieto, J. Benlliure, K.-H. Schmidt, L. Au-
douin, F. Becker, B. Blank, E. Casarejos, F. Farget,
M. Ferna´ndez-Ordo´nez, J. Giovinazzo, D. Henzlova,
B. Jurado, J. Pereira, O. Yordanov, Production cross
sections of heavy neutron-rich nuclei approaching the nu-
7cleosynthesis r-process path around A = 195, Phys. Rev.
C 89 (2014) 024616. doi:10.1103/PhysRevC.89.024616.
[29] G. Lanzano´, A. Pagano, E. De Filippo, R. Dayras,
R. Legrain, The ablation stage in the fast abrasion model,
Zeitschrift fu¨r Physik A Hadrons and Nuclei 343 (4)
(1992) 429–436. doi:10.1007/BF01289819.
[30] F. Chukreev, V. Makarenko, M. Martin, Nuclear data
sheets for a = 238, Nuclear Data Sheets 97 (1) (2002) 129
– 240. doi:https://doi.org/10.1006/ndsh.2002.0017.
[31] Sizable effects on the effect potential energies are ex-
pected for J ∼ 30~.
[32] A. Abul-Magd, J. Hu¨fner, Momentum distributions in
fragmentation reactions with relativistic heavy ions,
Zeitschrift fu¨r Physik A Atoms and Nuclei 277 (4) (1976)
379–384. doi:10.1007/BF01545975.
[33] D. Mancusi, A. Boudard, J. Carbonell, J. Cugnon, J.-C.
David, S. Leray, Improving the description of proton-
induced one-nucleon removal in intranuclear-cascade
models, Phys. Rev. C 91 (2015) 034602. doi:10.1103/
PhysRevC.91.034602.
[34] J. L. Rodr´ıguez-Sa´nchez, J.-C. David, D. Mancusi,
A. Boudard, J. Cugnon, S. Leray, Improvement of one-
nucleon removal and total reaction cross sections in
the Lie`ge intranuclear-cascade model using Hartree-Fock-
Bogoliubov calculations, Phys. Rev. C 96 (2017) 054602.
doi:10.1103/PhysRevC.96.054602.
